Introduction
Preparation conditions of the Si films.
Carrier gas
Polycrystalline silicon (poly-Si) film has been receiving growing attention to realize high performance electronic devices, such as solar cells and thin film transistors for liquid crystal displays. In general, high temperature process or complex laser annealing process of amorphous silicon is necessary to fabricate poly-Si films [1] . From the viewpoint of reducing the manufacturing cost and energy consumption, however, the most important issue in recent years is to deposit device-quality poly-Si films at high rates on low-cost substrate such as glass and metal sheet at substrate temperatures less than 600°C. Although there is a lot of deposition methods to fabricate poly-Si films at low temperatures, it is recognized that plasma-enhanced CVD (PECVD) [2] and hot-wire CVD [3] are the most applicable techniques to realize the low temperature growth of poly-Si films. However, increasing deposition rate is still necessary even in those methods.
In order to fabricate high-quality functional thin films at high-rates, we have been developing the atmospheric pressure plasma CVD (AP-PCVD) technique. The aim of the present study is to investigate the deposition characteristics of poly-Si films by the AP-PCVD, as a first step toward the low-temperature and high-rate deposition of device-quality poly-Si films on glass substrates. In the conventional PECVD process [4] , it is well known that hydrogen dilution ratio of silane (H 2 /SiH 4 ) is an important parameter to dominate the film structure. In this paper, we focused on the influences of H 2 /SiH 4 ratio on the deposition rate and morphology of the poly-Si films.
Experiment
The AP-PCVD apparatus [5] , having the high-speed rotary electrode and the gas circulation system, was used to deposit poly-Si films. A cylindrical rotary electrode with 300 mm diameter and 200 mm width was placed in the reaction chamber. The substrate was vacuum-chucked on the heating stage made of SiC-coated graphite. The atmospheric pressure plasma was generated in the gap between the rotary electrode and the substrate by supplying 150 MHz very high frequency (VHF) power. A Si film was deposited in a rectangular region without substrate scanning, corresponding to the plasma size defined by the plasma width (110mm) and the plasma length.
Thermally oxidized 4 inches Si wafers were used as substrates. The thickness of thermal oxide was approximately 150 nm. The substrates were cleaned by ultra-pure water in ultrasonic bath and ozone water before deposition. After the substrate was loaded into the reaction chamber, it was evacuated to below 5x10 -6 Pa by using a turbo molecular pump and a dry scroll pump, and then filled with the process gas mixtures containing He, H 2 and SiH 4 to the atmospheric pressure. During deposition, the gas composition and the process pressure were kept constant.
The preparation conditions of the poly-Si films are summarized in Table I . Only H 2 and SiH 4 concentrations were varied as parameters under the constant VHF power of 2500 W. Within the present conditions, the plasma length varied in the range from 27 mm to 41 mm depending on the H 2 concentration.
The deposition rate was calculated from the film mass, the deposition area (the plasma size) and the density of single crystal Si (2.35 g/cm 2 ). The film morphology was observed by a scanning electron microscope (SEM). Crystallinity of the Si films was also characterized by reflection high-energy electron diffraction (RHEED) and Raman spectroscopy measurements.
Results and discussion
Deposition rate Figure 1 shows the H 2 /SiH 4 ratio dependence of the deposition rate of the poly-Si films. The open squares in Fig. 1 Fig. 1 (open squares) , the deposition rate decreases exponentially with increasing H 2 /SiH 4 ratio. The maximum value of deposition rate is 7.4 nm/s at the SiH 4 concentration of 0.1% (H 2 /SiH 4 = 100). It should be noted (not shown in Fig. 1 ) that no film growth was observed with 0.001% SiH 4 (H 2 /SiH 4 = 10000). In addition, RHEED observation revealed that amorphous Si phase partly existed in the deposited film at H 2 /SiH 4 < 500 (SiH 4 > 0.02%). From these facts, it is considered that atomic hydrogen in the atmospheric pressure plasma plays important roles in both etching of Si and formation of crystalline Si. For the films with varying H 2 concentration in Fig. 1  (closed circles) , the deposition rate greatly increases with increasing H 2 /SiH 4 ratio at H 2 /SiH 4 < 500 (H 2 < 5%). While at H 2 /SiH 4 > 500, the deposition rate tends to saturate. The drastic increase in the deposition rate at H 2 /SiH 4 < 500 suggests that the addition of H 2 in the process gas mixtures induces an increase in the density of atomic hydrogen in the plasma, and that atomic hydrogen has a considerable effect on dissociating SiH 4 molecules. The saturation of the deposition rate at H 2 /SiH 4 > 500 presumably indicates that the silane concentration of 0.01% is insufficient for the high H 2 concentration. Figure 2 shows typical SEM images of the surface of the poly-Si films of 4 μm thickness deposited at (a) H 2 /SiH 4 = 2000 and (b) H 2 /SiH 4 = 200 in which the H 2 concentration is fixed at 10%. From the cross-sectional SEM observations (not shown), it revealed that both films in Fig. 2 had wedge-shaped crystalline columnar structure, growing in a direction perpendicular to the substrate. However, it is seen in Fig. 2a that each crystalline grain of the film deposited with the high H 2 /SiH 4 ratio shows anisotropic morphologies and have a lateral grain size of approximately 3μm. On the contrary, each grain of the film deposited with the low H 2 /SiH 4 ratio (Fig. 2b) shows isotropic morphologies and have a lateral grain size of approximately 1.5μm. From the facts, it is conceived that in-situ etching of Si by atomic hydrogen governs the structure of Si film in the AP-PCVD process.
Surface morphology
From these results, although the basic chemical process in the atmospheric pressure plasma are not clearly understood at the present stage, it is confirmed that atomic hydrogen in the plasma has significant effects not only on the dissociation of SiH 4 molecules but also on the growth of Si crystallites in the AP-PCVD process.
Conclusions
Poly-Si films were deposited at high rates by the AP-PCVD technique, and the deposition rate and film morphology were investigated as a function of the H 2 /SiH 4 ratio. It was clarified that the H 2 /SiH 4 ratio was a key parameter, which governed the deposition rate and the film morphology. This fact indicated that both dissociation of SiH 4 molecules and in-situ etching of deposited film induced by atomic hydrogen were the dominant mechanism for the formation of poly-Si films in the AP-PCVD process. 
